Understanding the molecular mechanisms that influence transposable element target site preferences is a fundamental challenge in functional and evolutionary genomics. Large-scale transposon insertion projects provide excellent material to study target site preferences in the absence of confounding effects of post-insertion evolutionary change. Growing evidence from a wide variety of prokaryotes and eukaryotes indicates that DNA transposons recognize staggered-cut palindromic target site motifs (TSMs). Here, we use over 10 000 accurately mapped P-element insertions in the Drosophila melanogaster genome to test predictions of the staggered-cut palindromic target site model for DNA transposon insertion. We provide evidence that the P-element targets a 14-bp palindromic motif that can be identified at the primary sequence level, which predicts the local spacing, hotspots and strand orientation of P-element insertions. Intriguingly, we find that the although P-element destroys the complete 14-bp target site upon insertion, the terminal three nucleotides of the P-element inverted repeats complement and restore the original TSM, suggesting a mechanistic link between transposon target sites and their terminal inverted repeats. Finally, we discuss how the staggered-cut palindromic target site model can be used to assess the accuracy of genome mappings for annotated P-element insertions.
INTRODUCTION
Mobile DNA sequences known as transposable elements are naturally occurring mutagenic agents that have been harnessed as experimental tools for genetic analysis in a variety of model organisms (1, 2) . Of the two major classes of transposable elements that exist-those that transpose directly via a DNA molecule (transposons), and those that transpose indirectly via a RNA intermediate (retrotransposons) (1)-DNA-based transposons have been most widely developed as tools for gene disruption and gene transfer experiments, becoming essential parts of the genetic tool-kit in bacteria (3), fungi (4), plants (5) and animals (2) . One of the most advanced transposon systems for genetic analysis is the Drosophila P-element (6) , which has been engineered to facilitate a large number of genetic and genomic manipulations including gene disruption, reporter gene analysis, gene and enhancer trapping, misexpression of endogenous genes and the generation of chromosomal aberrations (7) .
Because of the widespread utility of the P-element as a tool for Drosophila genetics and genomics, the mechanisms of P-element transposition have been studied intensively over the last 25 years (8) . Like many DNA-based transposons, the P-element transposes through a 'cut and paste' mechanism that can be divided into two eventsexcision from the donor site and insertion into a new location in the host genome. Transposition is initiated when the P-element encoded transposase protein forms a tetrameric complex that binds one of the P-element terminal inverted repeats (TIRs) at the donor site (9, 10) , followed by GTP-dependent synapsis with the other TIR and sequential cleavage of each TIR from the donor site (10, 11) . The P-element transposase complex then forms a staggered cut of 17-nt at both TIRs (12) , exposing the reactive 3 0 single-stranded extensions that mediate strand transfer and integration into a new target site (9) .
In contrast to donor excision and target site integration, the molecular mechanisms of target site selection for new P-element insertions remain poorly understood. Target site selection at the genomic scale is generally thought to be nonrandom, with P-elements exhibiting a preference for insertion into euchromatic regions (13) , a bias towards insertion into 5 0 -end of genes (14) , hotspots for insertion at both the gene (15) and nucleotide (16) levels, and local hopping in the vicinity of donor elements (17) . In addition to these factors that suggest the influence of chromatin structure, other studies have reported a role for local DNA sequence/structure in P-element target site selection. Based on a limited sample of only 18 insertions, O'Hare and Rubin (16) first demonstrated that P-elements prefer to insert into an 8-bp GC-rich consensus sequence (GGCCAGAC), which was later confirmed in a expanded sample (n = 61 insertions) by Preston et al. (18) . Subsequently, many P-element insertion sites were shown to differ from this consensus sequence (19) , and other pregenomic analyses of small samples led to different target motif [e.g. GXTCAGGC, (20) ], casting some doubt on the generality of the original target motif reported by O'Hare and Rubin (16) . Liao et al. (21) analyzed a much larger set of 1469 P-element insertions sites mapped to partially assembled genome sequences and concluded that 'although there are base preferences at each position, these are not strong enough to generate a clear consensus sequence'. Instead, these authors argued that the P-element recognizes a 14-bp palindromic structural motif based on a pattern of hydrogen bonding at the target site. More recently, Julian (22) analyzed a sample of 795 P-elements and reported a 14-bp nonpalindromic consensus sequence (ANNGGCCAGACNNT) that extended the GC-rich motif of O'Hare and Rubin (16) . These conflicting results have lead us to clarify whether the P-element targets a specific motif and, if so, whether this motif is a palindrome in order to better understand the target site selection of the P-element and other DNA transposons.
The possibility that the P-element targets a palindromic motif is intriguing given the fact that many other DNA transposons in wide variety of organisms, including bacteria, plants, worms, insects and vertebrates, also appear to prefer for palindromic target sequences (Table 1) . A palindromic target site recognition model has potential relevance for understanding the mechanisms of transposon integration, since it is consistent with transposase acting as homo-multimeric complex with the target site DNA (9, 10, (23) (24) (25) (26) . Additionally, there may be functional connections between palindromic target sites and the TIRs that flank many transposons, which are themselves palindromic sequences. Finally, palindromic target sites are also often observed for retroviruses (27) , which use integrase enzymes for integration that share catalytic activity with transposases (26) . The palindromic nature of transposon target site recognition is not universally accepted, however, with both palindromic and non-palindromic target site motifs (TSMs) often reported for the same transposon [see conflicting evidence for the P-element (above) or for Tc1 (28, 29) ]. These discrepancies may have arisen because many pregenomic analyses of transposon insertion site preferences were based on extremely small sample sizes of insertions, natural target sites that have undergone sequence evolution since transposon insertion, or insertions into small artificial target regions (e.g. plasmids) that only allowed a limited exploration of sequence space.
To understand transposon target site selection properly, it is necessary to investigate large sample of target sites in their in vivo genomic context immediately following insertion. Large-scale transposon insertion projects, such as the P-element gene disruption projects in Drosophila melanogaster (30) (31) (32) (33) (34) (35) provide excellent functional genomic data to study models of target site selection for DNA transposons. Here, we analyze a sample of over 10 000 reliably mapped P-element insertions and provide evidence that the P-element prefers a staggered-cut palindromic target motif that can be identified at the primary sequence level. Moreover, we show that the local spacing, hotspots and strand orientation of P-element insertions across the genome support a palindromic insertion site model for transposon target site selection. These results have important implications for understanding the structure inverted repeat DNA transposons and their mechanisms of transposition, as well as for the analysis of artificial and natural transposon insertions in genome sequences. Note that the length of the target site motif is often longer than the TSD, indicated in bold. IUPAC ambiguity codes are as follows: 
MATERIALS AND METHODS
P-element insertion sites were obtained from release 5.6 of the D. melanogaster genome annotation (36) . The majority of these data are from large-scale transposon insertion projects (30) (31) (32) (33) (34) (35) with additional insertions curated from literature. Data manipulation was conducted in custom PERL (version 5.8.6) programs using BioPERL (version 1.3) (37) modules. Data and statistical analysis was performed in the R programming language (version 2.6.2) (http://cran.r-project.org/). In reality, P-element insertions occur between adjacent nucleotides in the genome and therefore should be annotated in genome sequences on inter-base coordinates. However, annotations in FlyBase are on base coordinates and therefore P-element insertion sites are represented differently on the positive and negative strands (i.e. at the base after the insertion site on the positive strand and at the base before the insertion site on the negative strand). To make coordinate systems comparable on the positive and negative strands for analysis of distances between P-element insertions, we added 1 bp to the coordinates of insertions on the negative strand, but retained the annotated coordinate in Supplementary Files 1 and 3.
To determine if the P-element targets a specific motif at the primary sequence level, we generated sequence logos (38) from sets of aligned P-element insertion sites. Insertions at the same coordinate on the same strand were collapsed to create sets of nonredundant insertion sites. To do this, we extracted a 51-bp window centered around each insertion site (À25 and +25 from the insertion site) and used Weblogo (version 2.8.2) (39) with the following options (c -k 1 -w 15 -h 5 -Y -B 0.5 -n -s -25 -T 0.1 -b). Logos were created for both positive and negative stand insertions for each 'family' of P-elements generated from distinct insertion screens. Since sequence logos measure the information content and not the statistical significance of a motif, we tested of each position in the motif for deviation from expected genome-wide base composition using a 2 -test.
To measure the match of individual insertion sites to the putative P-element TSM, a position frequency matrix (PFM) was generated from a nonredundant set of aligned P-element insertions sites. Insertions on the negative strand were reverse complemented before including into the initial PFM and scoring, thus all sites in our model are oriented relative to the positive strand. Since no significant differences were observed between nucleotide frequencies at complementary positions (e.g. positions 1 and 14; seven 2 -tests, all P > 0.04), we averaged frequencies of complementary nucleotides at corresponding positions around the plane of reverse-complement symmetry (e.g. positions 1 and 14) to construct our final PFM for scoring target sites. This palindromic PFM was used to score individual insertion sites using PATSER (version 3b.5) (40) with the following parameters: -A a:t 0.29 c:g 0.21 -d2 -R. For each insertion site, we evaluated the match to PFM by calculating a log-likelihood 'motif score' for the distinct target sites that would give rise to that insertion site on the positive and negative strands. In addition, for each target site we calculated (i) a 'half-site score' by assessing the match of the 5 0 and 3 0 half of the target site to first seven columns of the 14-bp PFM, and (ii) a 'palindrome score' that ranges from zero to seven, with a score of one given to each pair of corresponding positions in the palindrome that had complementary nucleotides and a score of zero given for noncomplementary nucleotides.
RESULTS
To ensure large enough sample sizes and reliable genome mappings for our analysis of P-element target site preferences, we restricted our analysis to four families of P-element (GT1, SUPor-P, EPgy2 and XP) from the D. melanogaster Release 5.6 genome annotation that were obtained from large-scale screens that were localized to precise sequence coordinates using inverse PCR after completion of the D. melanogaster genome sequence (33, 35) . These families of P-elements each had a large number of insertions (>500) with a high proportion of insertions mapped to a single base pair (>90%) and mapped to a specific strand (>90%). Preliminary analyses showed that inclusion of data from other P-element screens generated systematic biases in subsequent analyses because of inaccurate genome mappings (see Discussion section). Table 2 summarizes characteristics of genome mappings for 10 860 insertions from the four P-element families analyzed in this study.
The P-element targets a 14-bp palindromic motif
We constructed separate sequence logos for insertions on the positive and negative strands for insertions that were mapped to a single base pair for each family. For all four families, we observed the same palindromic TSM for insertions mapped either to the plus or minus strands (Figure 1 , Supplementary File 2). The similarity in TSM for the different families suggests that the local target site preferences is intrinsic to the P-element and is not family or screen dependent. Therefore, we pooled insertions for EPgy2, GT1, SUPor-P and XP into one sample for all subsequent the analyses of P-element insertion preferences. These four families include a total of 10 860 insertions located in 10 221 nonredundant insertion sites in the D. melanogaster euchromatin. Alignment of these 10 221 high-quality P-element insertion sites in the D. melanogaster genome revealed an optimal 14-bp palindromic target motif with the consensus sequence ATRGTCCGGACWAT (Figure 1 ). This 14-bp palindromic TSM for the P-element is consistent with the 14-bp palindromic hydrogen bonding pattern reported for an independent set of insertions from the EP screen (21), but differs from the originally reported 8-bp nonpalindromic P-element TSM [GGCCAGAC, (16) ]. When oriented with respect to insertion sites on the positive strand, the center of the TSM is offset to the right of the insertion site (position 0), starting at position À3 and extending to position +10, since the P-element endonuclease makes a staggered cut with an 8-nt 3 0 overhang upon integration. The central 8 nt of this motif represent the target site duplication (TSD) generated by P-element upon integration (16) . The lowest information content positions in the motif directly flanking the core TSD base pairs where the P-element endonuclease cleaves DNA, and the highest information content site are at the termini of the motif (positions À3 and 10). In contrast to previous work (21), we find strong statistical support for a clear consensus sequence: all columns in the 14-bp motif deviate significantly from the overall base composition of the D. melanogaster genome sequence (A = T = 29%, G = C = 21%; 14 2 -tests, 3 df, all P < 2.2 Â 10 À16 ) ( Figure 1 ). We note that an important property of this staggered-cut palindromic TSM model is that each target site has two distinct insertion sites, one each on the positive and negative strands.
The palindromic target site model predicts nonrandom local spacing of P-element insertions
Under a model of a palindromic target site with a staggered cut, we reasoned that there would be hotspot target sites in the genome, into which multiple P-elements integrate either in the same insertion site on the same strand, or into the two different insertion sites on opposite strands. If such 'opposite-strand' hotspot target sites exist in the genome, they are predicted to have a characteristic pattern of local spacing of 8 bp between consecutive insertions, with one insertion on the positive strand followed by the next insertion on the negative strand. Figure 2 shows the distribution of distances between consecutive P-element insertions for all insertions, and for consecutive insertions on the same strand (+/+ and À/À) or opposite strands (+/À or À/+). The local spacing between P-element insertions shows a clear tendency for the P-element to insert with either a distance of zero or 8-bp apart (Figure 2A ). Consistent with the prediction of the palindromic target site model, the excess of 0-bp distances are only found between consecutive insertions on the same strand (+/+ or À/À) ( Figure 2B ), while the excess of 8-bp distances are found only between consecutive insertions on the +/À opposite strand configuration ( Figure 2C ) but not the À/+ opposite strand configuration ( Figure 2D ).
The excess of 0-bp distances on the same strand is consistent with previous findings that the P-element often inserts into the exact same base pair in the genome (16, 33, 41, 42) . However, in contrast to previous reports that suggested insertion can occur in either strand at the same nucleotide (16, 41) , we find that the overwhelming majority (375/392, 95.6%) of insertion sites with more than one insertion at the same nucleotide occur on the same strand. A tendency for P-element inserts to be spaced 8-bp apart on opposite strands has not been reported previously, and is uniquely predicted under the 14-bp palindromic target site model for P-element integration, but not under a model of random target site selection. These results also reveal that there are in fact two types of hotspot target sites for P-element insertion at the nucleotide level (i) those that have multiple insertions into the exact same coordinate on the same strand and (ii) those that have multiple insertions into sites spaced exactly 8-bp apart on opposite strands in the +/À configuration. Moreover, the relative proportions of insertions into the two types of hotspot target sites (655 same strand: 351 opposite strand) are consistent with random strand integration, which are expected to occur in a 2:1 samestrand:opposite-strand ratio if the strand at a hotspot is chosen randomly (binomial test, P = 0.299).
The palindromic target site model predicts hotspots for P-element insertion
If the palindromic motif in Figure 1 is a biologically meaningful representation of P-element target site preferences, we predict (i) that the observed P-element target sites should match the 14-bp motif better than background DNA sequences in the genome, and (ii) that hotspot target sites should match the 14-bp motif better than nonhotspot target sites. As found for the 14-bp hydrogen bonding pattern in (21), P-element target sites have significantly higher scoring matches to the palindromic TSM relative to the distribution of scores for all possible target sites in the genome (Mann-Whitney U-test, P < 2.2 Â 10 À16 ) ( Figure 3 ). We extend this finding to show that hotspot target sites for P-element insertion have better motif scores than nonhotspot target sites. This is true for all hotspot types: the 375 same-strand hotspot target sites, the 221 opposite-strand hotspots, and the 98 target sites that are hotspots by both criteria, all match the palindromic TSM better than the 9208 target sites that are hit only once (Mann-Whitney U-tests, P < 2.2 Â 10 À16 ). In general, we observe that the rank order of median motif scores for the four classes of target sites is: nonhotspots < same-strand hotspots < opposite-strand hotspots < both-strand hotspots.
The palindromic nature of the TSM raises the question of whether hotspots for P-element insertion might be influenced by whether a target site is simply a good palindrome or specifically a good match to the target site sequence. For example, if complementary substitutions occurred at corresponding positions (e.g. 1 and 14) of an optimal target site, the target site would remain a perfect palindrome but deviate by two substitutions from the optimal target motif. To evaluate whether hotspots are more influenced by match to the target sequence or palindromicity, we tested for associations between the number of insertions per target site with motif score and/or palindrome score. In this analysis, we pooled all insertions from either same-strand and/or opposite-strand hotspots into the same target site giving a dataset of 9902 nonredundant target sites. We found a highly significant positive correlation of number of hits per target site with motif score (Spearman's correlation, = 0.154; P < 2.2 Â 10 À16 ) and weak positive correlation with palindrome score (Spearman's correlation, = 0.029; P = 0.003). We also evaluated the partial correlation of each score since motif score and palindrome score are also positively correlated with each other (Spearman's correlation, = 0.216; P < 2.2 Â 10 À16 ), and found that the motif score, given the palindrome score, remains significantly associated with the number of hits per target site (Spearman's partial correlation, = 0.151, P < 2.2 Â 10 À16 ), but not Figure 3 . The 14-bp palindromic TSM discriminates P-element insertion sites, hotspots and background DNA. Shown are the distributions of log-likelihood scores of the 14-bp palindromic TSM relative to random background base composition for nontarget site background DNA, nonhotspot target sites with one insertion and hotspot target sites with more than one insertion. See main text for details on different types of hotspots. the converse (Spearman's partial correlation, = À0.0038; P = 0.70). These results indicate that the match to the optimal target motif is more important in determining the frequency of P-element insertion than being a good palindrome.
No strand bias for P-element insertion
Because of the base pair complementarity of doublestranded DNA, matches to any palindromic motif should be distributed equally on both strands of the genome sequence, regardless of the motif sequence, genome-wide base composition or degree of mismatch allowed to the optimal motif. As expected under the palindromic insertion model, roughly equal proportions of P-elements insert into the positive and negative strands for all reliable mapped families of P-element ( Table 2 ). Slight differences from the expected 50%:50% ratio for a particular family is consistent with a small degree of experimental or computational error in strand mapping. Across all families, we find that 5434 of the 10 860 (50.04%) P-element insertions that are mapped to a single base pair are found on the positive strand, which is not statistically different from the expected proportion of 50% (binomial test, P = 0.9464). The lack of strand bias for the P-element is consistent with previous results showing that the distribution of insertion sites for the Caenorhabditis elegans Tc1 transposon is the same on the positive and negative strands (43) .
Evidence against sequential half-site recognition of palindromic target sites
As noted previously, matches to a palindromic motif score equally on both DNA strands, which raise the question: given a match to a full target site, how does the P-element determine which of the two possible strands to insert into if matches to the whole motif are equivalent on both strands? As has been suggested previously for other transposons (8, (23) (24) (25) , the existence of a palindromic TSM for the P-element is consistent with the action of a homomultimeric transposase complex recognizing the target site. Biochemical evidence suggests that the P-element transposase acts in a tetrameric complex during donor excision (9, 10) , and therefore it is plausible that a multimeric complex is retained in the transposome during target integration. Under this model, we reasoned that the choice of strand might be mediated by sequential recognition of the half sites by protomers of the multimeric transposome complex, which could lead to one strand of the DNA providing a better match to the 7-bp half-site motif. For example, if the first protomer recognized the better half site, this could coordinate the transposome complex and lead to integration on the strand with the higher 5 0 half-site score. This scenario would allow for symmetry breaking of the full 14-bp palindromic target motif, and provide a mechanism for predictable strand selection. Since only 4 7 of all possible 4 14 14-bp sequences (0.006%) are perfect palindromes, the vast majority of possible target sites break perfect palindrome symmetry and lead to a clear strand prediction.
To test if the half-site recognition model predicts the strand of P-element integration, we evaluated the difference in scores between the 5 0 and 3 0 half of each insertion site. We found no difference in the half-site scores that would support a model of half-site symmetry breaking through monomer recognition, with 49.9% (5105/10 221) of insertion sites having a better 5 0 half-site score and 49.7% (5090/10 221) having a better 3 0 half-site score, and only 0.2% (26/10 221) having equivalent 5 0 and 3 0 half-site scores. Thus, we conclude that the mechanism of P-element strand selection is inconsistent with a sequential half-site recognition model, but is consistent with simultaneous multimer recognition and random strand integration. The inability to find evidence for predictable strand integration supports the unbiased genome-wide strand mappings and the relative proportions of sameand opposite-strand hotspots reported above. Together, these results are consistent with a model of random strand selection during target site integration, which parallels the random choice of which termini is chosen first in the P-element donor excision reaction (11) .
DISCUSSION
Understanding the mechanisms that control transposable element insertion and persistence in genomic DNA is a fundamental challenge in genome biology. Here, we have used patterns of P-element insertion in the D. melanogaster genome to provide evidence for a staggered-cut palindromic target site recognition model for DNA transposon insertion, which has implications for both evolutionary and functional genomics. Consistent with other previous large-scale analyses by Liao et al. (21) , we have found that the P-element targets a 14-bp palindromic TSM. We find evidence that the palindromic motif has a clear consensus sequence, whereas Liao et al. (21) argued that it is a structural motif based on patterns of hydrogen bonds. As structure and sequence are intimately related at the DNA sequence level, we make no claim about which of these factors is causal. We have also shown that the local, nonrandom pattern of P-element spacing is uniquely predicted by the palindromic TSM, and that match to the TSM is a better predictor of P-element insertion frequency than palindromicity itself. We have further shown that there is no local or genome-wide strand bias for P-element insertion, consistent with a model of random strand integration. We conclude that staggered-cut palindromic target site model is a sufficient to explain the insertion preferences of the D. melanogaster P-element and, together with the widespread occurrence of staggered-cut palindromic target sites in disparate taxa, suggest that this model may apply generally to other cut-and-paste DNA transposons as well.
Our main findings are unlikely to be affected by systematic biases in our dataset since we have chosen to analyze large families of P-element insertions that have hallmarks of being accurately mapped to genome coordinates. However, some of our results, such as the relatively small difference in the score distribution of hotspot and nonhotspot target sites or the relatively low correlation of the motif score with the number of insertions per target site, can in part be explained by the fact that many P-element screens aimed to create nonredundant set of insertions for each gene in the genome (30, 31, 33) . Thus, many additional target sites in our dataset are actually hotspots for P-element insertion but are observed to have only a single insertion. Despite this bias, the partitioning of all target sites into hotspot and nonhotspot sites is conservative with respect to the null hypothesis that there is no difference between these categories in their similarity to the TSM. We also note that since the P-element TSM is constructed from a nonredundant set of insertions, an increase in the score of same-strand hotspots is not biased by multiple insertions at the same target site being represented multiply in the motif alignment. However, because opposite-strand hotspots were an unexpected result of our analysis, we did not consider these insertions as redundant in our original set of insertion sites. Thus, insertions from opposite-strand hotspots are represented multiply in the motif alignment, and are expected to be biased towards higher match scores, as observed. Nevertheless, the same-strand hotspot results clearly demonstrate that the palindromic motif has explanatory power to discriminate P-element target sites from background and to discriminate hotspots from nonhotspot target sites.
Implications of the staggered-cut palindromic transposon target site model
Our analysis of the P-element target site preferences, along with a growing body of evidence from other DNA transposons (Table 1) , suggests a general model for target site selection. The main feature of this model is that the optimal target site is a palindromic sequence/structural motif, which contains within it a staggered cut that is smaller than the length of the full target motif. This model has several implications including that (i) sequences flanking the TSD are important for the target site selection (44, 45) , (ii) the target site is not the same as the TSD and (iii) each target site has two distinct insertion sites on the positive and negative strands. Furthermore, since a palindromic motif is distributed equally on the positive and negative strand across the genome, (iv) DNA transposons are expected to insert with equal frequency on both strands. This last property of the palindromic target site model justifies the null hypothesis of studies that attempt to infer the postinsertion effects of natural selection from biases in transposon orientation in genome sequences (46, 47) . Importantly, we do not claim that all cut-andpaste DNA transposons use a staggered-cut palindromic target site that conforms to this model, rather that this model may represent the general ancestral mechanism with exceptions viewed as derived evolutionary states. For example, under one transposition pathway, the Tn7 transposon has strong insertion preferences for a nonpalindromic target site (CCCCGCT) adjacent to its recognition sequence attTn7 (48) . However, unlike most transposons that encode a single transpose gene, Tn7 is unusual in that it encodes multiple transpose proteins that work in hetero-multimeric complexes that vary according to different transposition pathways (48) . Other DNA transposons such as piggyBac recognize an invariant staggered-cut palindromic target site sequence (TTAA), which does not depend on any flanking DNA sequences. This exception may be explained by the facts that piggyBac uses a divergent transposase that shares little sequence similarity with other DDE transposases (49) and uses an unusual DNA synthesis-independent mechanism of target site integration (50) .
One key feature of the palindromic target site model we propose is that transposon integration destroys the original target site, leaving the TSD on both ends of the transposon, but only the 5 0 flanking nucleotides at the 5 0 -end, and vice versa. In the case of the P-element target site, the central 8 bp is duplicated plus 3 bp of the target site nucleotides on either the 5 0 -and 3 0 -ends. Intriguingly, we observe that the terminal 3 bp flanking the TSD at the 5 0 (ATRð) and 3 0 (ðWAT) end of the target site motif exhibit sequence complementary to the terminal 3 bp of the 3 0 (ðATG) and 5 0 (CATð) ends, respectively, of the P-element TIRs ( Figure 4A ). Thus, although P-element integration destroys the complete 14-bp motif, the first 3 nt of the TIR sequences inserted into the target site by the P-element complement the missing part of the target motif at both ends of the insertion. Because of the palindromic nature of the TIRs, complementation occurs regardless of whether the 5 0 or 3 0 insertion site is used and the P-element is consequently orientated in the 5 0 or 3 0 direction.
Complementation and restoration of the destroyed P-element target site suggests a mechanistic link between staggered-cut palindromic target sites and the structure of the TIR transposons, specifically involving the terminal nucleotides of the TIRs. In the case of the P-element, biochemical evidence shows a close association between the P-element transposase and the last two P-element nucleotides during donor excision (9) . Moreover, a special role for terminal nucleotides in the P-element TIRs may explain the strong conservation of only the first 3 nt of the TIRs among P-element family members in insects and vertebrates (51) , and the widespread conservation of the first and last two nucleotides (5 0 -CAðTG-3 0 ) across diverse transposon families (52, 53) . The possibility that P-element sequences may complement and restore their target sites may also explain why P-elements continue to favor a target site even if when there is a preexisting insertion (17, 34, 54, 55) , effectively allowing a nonlethal insertion to regenerate a 'safe-haven' for other insertions. Moreover, since the P-element TIRs provide the optimal sequences in the restored TSM, P-element insertion is expected to always improve the original TSM and make it more likely to be a hotspot. Finally, multiple insertions into the same target site are predicted to be in inverted orientation and separated by exactly eight bp, as has been demonstrated for the unstable singed weak allele (41) .
The singed weak allele is also hypermutable and undergoes reversion by precise excision of one P-element or the other at a high rate (41) , and thus the recurrent targeting to safe-haven hotspots may increase subsequent rates of P-element remobilization. The potential significance of target site complementation by the P-element termini is strengthened by the fact that high scoring sites for the TSM are found at positions 20-33 and 2875-2888 of the 5 0 and 3 0 P-element terminal inverted repeats, respectively, just internal to the inverted repeat binding protein (IRBP) site (56) ( Figure 4B ). These sites are in the upper 25th percentile of the distribution of target site scores, and are likely to be bona fide target sites since genetic evidence has revealed that a hotspot for P-element insertion exists at bp 19-26 of the P-element itself (57) . Since the P-element termini each carry one target site and the target site is duplicated and complemented at each end after insertion, four high scoring target sites (two at each end) are available for transposase activity at a donor site, which is fully consistent with the action of a tetrameric complex during donor excision (9, 10) . Additionally, the two high scoring TSMs at each end of the integrated P-element closely flank the 17-bp staggered cut sites ( Figure 4B ), suggesting that the transposase complex may be coordinated to its cut sites during donor excision by the two TSMs.
More practically, the destruction of the full target site on integration requires analysis of preintegration (not postintegration) target sequences to determine true transposon target site preferences. Additionally, if terminal TIR sequences can partially complement postintegration target sites, it may be difficult to determine whether sequences at the termini of a single transposon insertion are part of the TIR or the target site. This issue was raised previously for the Tc3 transposon, and resolved by changing the sequences of target sites (58) . In fact, this ambiguity between TIRs and staggered-cut palindromic target sites may underscore the functional connections between the TIR structures of transposons and their target site sequences.
The palindromic target site model can confirm annotated transposon insertion sites
Although a palindromic target site model cannot predict the strand of a transposon insertion given a target site, it can be used to confirm the strand of an insertion site given its correctly annotated location in the genome. This is because under a staggered-cut palindromic model, transposons do not insert into the center of their target site. Therefore, an insertion at a given nucleotide position in the genome is generated by two different target sites on the positive and negative strand that can have different motif scores. To demonstrate the utility of this property of our model, we scored each P-element insertion site in our dataset at the two potential target sites on either strand that would give rise to an insertion at this nucleotide to see if the higher scoring target site confirms the annotated strand in FlyBase. Remarkably, we found that the top-scoring strand under our palindromic motif model confirms the annotated strand for 90.4% (9243/10 221) of P-element insertion sites in our dataset, confirming the high quality genome mappings of the four families analyzed here. The inability to perfectly confirm the annotated strand P-element insertion given its location is consistent with a probabilistic mechanism for the choice of P-element strand integration and/or some residual error in the genome mappings in our dataset.
In contrast, we confirmed the strand for only 67.1% (3823/5694) of the remaining insertion sites mapped to a single base pair from other P-element screens omitted from our analysis ( Supplementary File 3) . We interpret this result to indicate that upwards of 20% of these P-elements from other families may have incorrect strand or coordinate mappings in D. melanogaster genome annotation, and is the primary reason these families not analyzed here. These errors likely arise from multiple sources, as shown by differences in the sequence logos (Supplementary File 4) and the rate of strand confirmation in the three most abundant P-element families not included in our study-EP, GawB and LacW (31) (32) (33) . For example, the GawB insertions show the correct sequence logo on the positive strand, but the logo appears to be shifted by 1 nt on the negative strand, indicating a subtle difference in coordinate systems on the positive and negative strands. This is also reflected in the fact that we confirmed positive strand insertions at the same rate (91%, 976/1072) as accurately mapped families above, but we confirmed negative strand insertions at a much lower rate (66%, 681/1031). In contrast, the EP family logos show much reduced information content, a shift in logos for both positive and negative strand insertions, and a lower rate of strand confirmation on the positive strand (53.6%, 543/1012) than on the negative strand (72.9%, 621/852). The lacW family appears to be the most poorly mapped set of insertions with nearly all insertions (86%, 508/589) mapped to the positive strand, logos that do not resemble any of the other families, and low rates of strand confirmation on both the positive and negative strands. The degree of these potential errors in coordinate or strand mapping are unknown but could have important consequences for use of these P-element collections by Drosophila researchers, including the misexpression of the incorrect neighboring locus for EP-elements mapped to the incorrect strand.
